A
LTHOUGH PARKINSON DISease (PD) may be caused by single gene mutations, genetic causes are rare, which suggests that the causation is complex and often involves environmental factors. The contention that factors other than genetics play a major role in the etiology of PD is further strengthened by twin studies 1, 2 that show that the concordance of PD is virtually identical in monozygotic and dizygotic twins. Epidemiologic studies [3] [4] [5] [6] [7] [8] further advance the potential role of environmental factors in PD by the identification of pesticide exposure as a risk factor. However, most of these studies have not identified specific pesticides that may contribute to PD.
Previous studies [9] [10] [11] have reported an increased presence of organochlorine pesticides in the brain tissue of patients with PD. Two of the studies 9, 10 reported elevated levels of dieldrin in postmortem PD brain tissue vs that of controls, and 1 study 11 reported elevated levels of lindane (␥-hexachlorocyclohexane [␥-HCH]) in the substantia nigra of patients with PD vs controls. Organochlorine pesticides were commonly used in the United States during the 1950s through 1970s before their use was restricted owing to concerns about bioaccumulation and toxic effects. Because of their high lipophilicity and resistance to degradation, these compounds are extremely persistent in the environment, which has resulted in the current contamination found worldwide. 12 Organochlorine pesticides have also been demonstrated to be neurotoxic, to cause oxidative stress, and to damage the dopaminergic system in the rodent brain. [13] [14] [15] [16] [17] The combination of their persistence in the environment and their potential to damage the dopamine system suggests that organochlorine pesticides may be significant contributors to the observed association between pesticide exposure and risk of PD. In this study, we sought to determine whether a diagnosis of PD is associated with the presence of organochlorine pesticides in the serum. 18 (bradykinesia, rigidity,restingtremor,andasymmetricalonset);theabsenceofatypical features, such as early dementia, falling or freezing, autonomic failure, supranuclear palsy, and hallucinations unrelated to medications; and the absence of conditions known to cause parkinsonism. Most (41 of 50) of the PD blood samples used for the present study were collected as part of another project, a prospective study 19 of the effect of homocysteine on disease course in patients with early PD. The enrollment criteria for that study were a diagnosis of PD, as described previously; adequate cognitive capacity to provide informed consent, as judged by the physician investigator; the absence of neurologic or psychiatric comorbidities independent of PD that might significantly affect neuropsychological testing; and the ability to comprehend and participate in the English-language neuropsychometric testing. The sample size was increased by the use of a sample of patients seen at the Clinical Center for Movement Disorders at the UTSWMC who had PD according to the previous definition (n=9; 18%). Scores on the Folstein Mini-Mental State Examination were available for 41 patients (median score, 28; range, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Eighteen patients with PD had blood samples collected 5 years apart, and these patients were evaluated for the persistence of pesticide levels across time.
METHODS

STUDY PARTICIPANTS AND CLINICAL DEFINITION
Controls and patients with Alzheimer disease (AD) were evaluated in the Alzheimer Disease Center at the UTSWMC. Blood samples were collected from patients with probable AD and control subjects routinely seen at the AD center. The AD and control blood samples were collected from individuals seen since 2002. Alzheimer disease was defined according to standard clinical diagnostic methods, 20 and the Mini-Mental State Examination scores of these patients ranged from 1 to 29 (median, 23). For controls, the inclusion criteria were as follows: (1) a Mini-Mental State Examination score of 27 to 30 (median, 30), (2) no structural brain abnormalities indicated by magnetic resonance imaging or (3) normal general neurologic examination findings, (4) normal Consortium to Establish a Registry for Alzheimer's Disease test battery findings, and (5) no PD-like symptoms based on the Unified Parkinson Disease Rating Scale. All the procedures were approved by the institutional review boards of the UTSWMC and the University of Medicine and Dentistry of New Jersey-Robert Wood Johnson Medical School.
SAMPLE COLLECTION AND EXPOSURE ANALYSIS
Blood samples were collected using standard venipuncture techniques. Serum was prepared by means of centrifugation at room temperature at 503 g for 10 minutes, aliquoted, labeled with a unique identification number, and stored at −80°C within 2 hours of phlebotomy and until used for the present study. All the samples were shipped frozen to the University of Medicine and Dentistry of New Jersey-Robert Wood Johnson Medical School and were analyzed in a masked manner regarding diagnosis.
The pesticides that were assayed were ␣-HCH; ␤-HCH; ␥-HCH; ␦-HCH; aldrin; dieldrin; endrin; endrin aldehyde; heptachlor; heptachlor epoxide; ␣-chlordane; ␥-chlordane p,pЈ-DDE; 4,4Ј-DDD; p,pЈ-DDT; and methoxychlor. The compounds selected for assay were based on previous findings 21 that those were the pesticides most commonly found in human samples and based on the compounds that the Environmental Protection Agency uses to assay organochlorines in biological samples. Serum pesticide levels were determined through the use of gas chromatography-mass spectrometry. Briefly, a ratio of 500 mg of urea to 1 mL of serum was added to serum samples (180-1400 µL), followed by sonication for 20 minutes. Serum samples were then passed through a solid-phase column to isolate the analytes. The eluate was passed through an Oasis HLB column (Waters Corporation; Milford, Massachusetts) for cleanup and preconcentration of the chlorinated analytes. The pesticides were eluted in methylene chloride, evaporated to dryness, and reconstituted in 50 µL of methylene chloride. Separation was performed using a gas chromatograph (Varian 3400; Varian Inc, Palo Alto, California) and a 30-mϫ320-nm, 0.25-µm DB-XLB capillary column (Agilent Technologies; Foster City, California). Calibration curves containing the standards were run using the method for analyte quantitation that uses the integrated areas of the primary analyte ion (m/z=181 for ␤-HCH and 246 for p,pЈ-DDE). A laboratory control sample extract from normal serum spiked with known concentrations of pesticide standards was run with every 10 samples to monitor for drift during the run (coefficient of variation=7.8%; accuracy of the 16 measurements, ±2%-10%). Mass spectrometric analysis for unequivocal identification of the compounds was performed using a Varian 2000 ion trap mass spectrometer (Varian Inc) with MS n capabilities. We calculated the pesticide concentrations based on volume of serum, a criterion that has been demonstrated to be valid for studies involving human samples. 22 We also performed a cholesterol assay on a subset of the samples and found no difference in the results when correcting using cholesterol values instead of volume of serum (data available on request), which suggests that differences in lipid status were unlikely to affect the results. The limit of detection for the pesticides assayed was 100 to 150 pg/mL.
STATISTICAL ANALYSIS
We used the 2 test for analysis of categorical variables, including sex and pesticide detection with disease state, and Tukey-type multiple comparison tests were used for post hoc comparisons. 23 Nonparametric analysis of variance (Kruskal-Wallis test) with post hoc nonparametric multiple comparison tests was used to compare disease states for pesticide levels. To ascertain the stability of the pesticide measurement across time ( June 10, 2002, and December 31, 2007) in the same patients, we used the Wilcoxon signed rank test, and we assessed the correlation across time using the Spearman correlation coefficient. Odds ratios (ORs) with 95% confidence intervals (CIs) were estimated using logistic regression analysis, with ␤-HCH (pesticide present=1), age, and sex (male=1) as predictor variables for PD versus control status, and a similar analysis was used for PD versus AD status. Two analyses were used because we were interested in the ways that patients with PD compare with controls and patients with AD. To evaluate the fit of the model to the data, residuals were computed using a Hosmer-Lemeshow test. All analyses were performed using SAS version 9.1 (SAS Institute Inc; Cary, North Carolina).
RESULTS
Demographic characteristics of the participants are given in Table 1 . There was no significant difference in the groups in terms of sex (tistically analyze those that were detected in at least 50% of the patients with PD. The most frequently detected pesticide was p,pЈ-DDE; it was detected in 36 of 50 patients with PD (72%), in 37 of 43 controls (86%), and in all 20 patients with AD. The levels of p,pЈ-DDE were not the same in the 3 study groups (Kruskal-Wallis H=21. 31 (Figure 1) .
The organochlorine pesticide ␤-HCH was detected in the serum of patients with PD most often among the 3 groups; 38 of 50 patients with PD (76%) had detectable levels of ␤-HCH compared with 17 of 43 controls (40%) and 6 of 20 patients with AD (30%) ( 2 =18.01; PϽ.001). Using Tukey-type multiple comparison tests, significantly more patients with PD had detectable ␤-HCH levels than either controls or patients with AD (P Ͻ .05 for each). In addition to a greater frequency of detection in patients with PD, ␤-HCH levels were not the same in the 3 groups (Kruskal-Wallis H=32.13; PϽ.001) (Figure 2) . The median level of ␤-HCH is markedly higher in patients with PD (median, 0.36 ng/mL; range, 0.12-1.80 ng/mL; mean [SEM], 0.47 [0.06] ng/mL) compared with controls (median, 0 ng/mL; range, 0.02-0.43 ng/mL; mean [SEM], 0.05 [0.02] ng/mL), and it is also significantly higher than in patients with AD (median, 0 ng/mL; range, 0.05-0.46 ng/mL; mean [SEM], 0.06 [0.13] ng/mL), but the levels in patients with AD and controls are not different (based on post hoc testing, PϽ.05), suggesting that elevated levels of ␤-HCH are specific to PD in this sample.
We also measured the levels of ␤-HCH in samples from 18 of the patients with PD taken at 2 different points in time, 5 years apart, to ascertain the stability of the pesticides across time in the same patients. Levels of ␤-HCH were not significantly different between the 2 sampling points (Wilcoxon t= 44.0; P Ͼ.05). However, the levels were not related in a systematic manner among the patients (Spearman rho = −0.072; P = .80).
We used logistic regression to determine whether ␤-HCH coulddifferentiatebetweenpatientswithPDandcontrolsubjects, adjusting for age and sex, and a separate analysis was performed between patients with PD and those with AD. For the PD vs control analysis, the OR estimates (95% CIs) for the 3 variables were as follows: ␤-HCH, 4.39 (1.67-11.6); sex, 3 
COMMENT
This study demonstrates that an elevated serum level of the organochlorine pesticide ␤-HCH is associated with a diagnosis of PD. This finding is of particular interest given the recent publication of a study 24 from the Faroe Islands, which reported a small but significant association between serum ␤-HCH and PD. The Faroe Islands population is highly exposed to organochlorine pesticides and other persistent organic pollutants based on their diet, 25 and they exhibit a prevalence of PD approximately twice as high as expected. 26 A higher rate of PD also has been found among the Inuit in Greenland, 27 who are likewise exposed to high levels of organochlorine pesticides through a diet similar to that in the Faroe Islands. The data from the Faroe Islands study 24 reported mean serum ␤-HCH concentrations of 0.04 and 0.05 µg/g of lipid for controls and patients with PD, respectively. Based on the report from that study of a mean lipid concentration of 10 g/L, the mean values for controls and that for the patients with PD were 0.5 and 0.6 ng/mL, respectively. These values are similar to the median values found in patients with PD in the present study (0.36 ng/mL). However, our calculated OR for PD (vs control) risk based on ␤-HCH levels is much higher than that reported in the Faroe Islands study (4.39 vs 1.44). The similar levels of serum ␤-HCH in controls and patients with PD in the Faroe Islands are likely a significant contributor to the differences in the calculated risk factors. This possibility is further supported by the finding that the highest quartile of ␤-HCH levels in the present study contained only patients with PD. Taken together, these data suggest that high levels of ␤-HCH may be an important risk factor for PD.
In the United States, ␤-HCH levels have been detected in varying percentages of the population for the past few decades. [28] [29] [30] The results of the 1979 National Human Adipose Tissue Survey estimated that almost 92% of the population had detectable levels of ␤-HCH, 30 a finding that suggests that exposure to ␤-HCH was widespread in the United States. For individuals who were 25 to 44 years of age during this time frame, which would be most representative of samples analyzed in the present study, there was a median serum value of 11.7 ng/mL. 30 This value is much higher than that found in the present study and may be indicative of the fact that the samples from the Second National Health and Nutrition Examination Survey (NHANES II) were taken during the time that HCH use was just starting to be re- 31 With the assumption of a weight of 1.02 g/mL of serum, this would result in a mean value of 0.058 ng/ mL, which is similar to the mean (SD) value found in control patients in the present study (0.05 [0.02] ng/mL) ( Figure 2) .
We also found ␤-HCH in some controls, although generally at much lower levels than the median level found in patients with PD (0.36 ng/mL). This result suggests that there are other factors that may interact with ␤-HCH exposure to alter the risk of PD. For example, caffeine consumption and cigarette smoking have been associated with a decreased risk of PD. 32 For patients with PD, it is possible that genetic polymorphisms in enzymes that metabolize ␤-HCH may contribute to their high levels of ␤-HCH. A few studies [33] [34] [35] have found that genetic polymorphisms in drug-metabolizing enzymes interact with pesticide exposure to cause an increased risk of PD. The present data that compares serum levels in the same patients 5 years apart provides some support for the gene polymorphism contention. Because we found no difference in ␤-HCH levels across time in the samples taken at the 2 time points ( June 10, 2002, and December 31, 2007 ) and the half-life of ␤-HCH is approximately 7 to 8 years, these data could suggest that there is decreased clearance of ␤-HCH in these patients. Future studies with DNA samples and demographic data on smoking and caffeine consumption from the patients in the present study will provide a powerful mechanism for the determination of whether the elevated serum ␤-HCH levels are the result of genetic polymorphisms in 1 or more enzymes involved in the metabolism of ␤-HCH or environmental factors.
In data from the NHANES II, increasing age, residence on a farm, and male sex conferred increased risks of exposure to ␤-HCH, 36 all of which have also been associated with a higher risk of PD. In the present study, sex (male Ͼ female) and age (lower levels with age) were only mildly associated with ␤-HCH levels and PD. Ascherio and coworkers 6 found no interaction with pesticide exposure and sex as it pertained to risk of PD, but Petersen and coworkers 24 found that women had higher mean levels of ␤-HCH than did men for controls (0.05 vs 0.04 µg/g) and patients with PD (0.08 vs 0.04 µg/g). Future studies with larger sample sizes are needed to rigorously explore the relationship of ␤-HCH concentrations with demographic variables.
We also found that levels of p,pЈ-DDE are significantly higher in patients with AD vs patients with PD and controls and that 4,4Ј-DDD is detected in 35% of patients with AD vs 5% or fewer in the controls and patients with PD. Although there have been many fewer studies published that explore the relationship between pesticide exposure and risk of AD, Baldi and coworkers 37 found an adjusted risk ratio of 2.39 in men occupationally exposed to pesticides. Fleming and coworkers 9 found that p,pЈ-DDT was more likely to be found in AD brain tissue than in the brain tissue of those with PD or of control samples. Because the present data and those from the study by Fleming et al involve small numbers of patients with AD (20 in the present study), further studies with larger sample sizes are warranted to determine whether exposure to certain pesticides increases the risk of AD.
Although this study indicates that elevated serum ␤-HCH levels are associated with a diagnosis of PD, there are some limitations. First, these analyses were restricted to patients seen at the UTSWMC, which could suggest that the results may simply be due to the sampling of a highly exposed patient population and that those results may not generalize to other areas. However, the ubiquitous global contamination pattern of ␤-HCH 38 and the findings from the National Human Adipose Tissue Survey and the NHANES II suggest that it is unlikely that there is something unique about this patient population. The recent study from the Faroe Islands 24 that reports a significant association between ␤-HCH and PD further suggests that the present results generalize to other populations, although this remains to be established in future studies. Also, some patients with PD (12 of 50) have nondetectable levels of ␤-HCH, which suggests that exposure to ␤-HCH may contribute to PD only in a subset of cases, a hypothesis that is consistent with the multifactorial nature of PD. Second, we cannot definitively state that ␤-HCH causes PD; ␤-HCH is a persistent ingredient in technical-grade lindane (␥-HCH), 12 but both isomers of HCH have been demonstrated to cause oxidative stress and to reduce brain concentrations of dopamine in animals. 13, 16 Finally, our measures were taken from peripheral blood and may not accurately reflect the concentration of the pesticide in the brain. Because of its longer half-life, 12 it is possible that ␤-HCH is a marker for exposure to other HCH components, such as ␥-HCH, which causes dopaminergic toxicity. Indeed, elevated levels of ␥-HCH have been found in postmortem substantia nigra samples from patients with PD in 1 small study. 11 The finding that ␤-HCH levels accumulate to a greater extent in the blood than in the brain compared with those of ␥-HCH 12 provide further support for this possibility. However, no studies to date have been conducted with matched brain and blood samples from controls and patients with PD. Future studies involving such matched samples would aid in the clarification of this relationship.
In summary, these findings support epidemiology studies that associate exposure to pesticides with increased risk of PD, and we identified a specific pesticide that is linked with the diagnosis of PD. It is possible that elevated levels of ␤-HCH may be a useful clinical measure to identify people who may have an increased risk of PD, particularly when combined with information about genetic polymorphisms in genes that metabolize organochlorine pesticides. This is particularly important because by the time patients with PD are diagnosed, neurodegeneration has often progressed to a point where 
